The ductus arteriosus (DA), a fetal arterial connection between the main pulmonary artery and the descending aorta, normally closes immediately after birth. The DA is a normal and essential fetal structure. However, it becomes abnormal if it remains patent after birth. Closure of the DA occurs in two phases: functional closure of the lumen within the first hours after birth by smooth muscle constriction, and anatomic occlusion of the lumen over the next several days due to extensive neointimal thickening in human DA. There are several events that promote the DA constriction immediately after birth: (a) an increase in arterial oxygen tension, (b) a dramatic decline in circulating prostaglandinE2 (PGE2), (c) a decrease in blood pressure within the DA lumen, and (d) a decrease in the number of PGE2 receptors in the DA wall. Anatomical closure of the DA is associated with the formation of intimal thickening, which are characterized by (a) an area of subendothelial deposition of extracellular matrix, (b) the disassembly of the internal elastic lamina and loss of elastic fiber in the medial layer, and (c) migration into the subendothelial space of undifferentiated medial smooth muscle cells. In addition to the well-known vasodilatory role of PGE2, our findings uncovered the role of PGE2 in anatomical closure of the DA. Chronic PGE2-EP4-cyclic AMP (cAMP)-protein kinase A (PKA) signaling during gestation induces vascular remodeling of the DA to promote hyaluronan-mediated intimal thickening and structural closure of the vascular lumen. A novel target of cAMP, Epac, has an acute promoting effect on smooth muscle cell migration without hyaluronan production and thus intimal thickening in the DA. Both EP4-cAMP downstream targets, Epac and PKA, regulate vascular remodeling in the DA.
Introduction
The ductus arteriosus (DA), a fetal arterial connection between the pulmonary artery and the descending aorta, is indispensable for fetal life. It shunts deoxygenated blood from the main pulmonary artery to the descending aorta. Over half of the blood flow in the descending aorta is diverted to the umbilico-placental circulation (Heymann and Rudolph, 1975) , where gaseous exchange takes place. Although patency of the DA is required for fetal survival, the persistence of a patent DA after birth is a major cause of morbidity and mortality, especially in premature infants, leading to severe complications, including pulmonary hypertension, right ventricular dysfunction, postnatal infections and respiratory failure (Hermes-DeSantis and Clyman, 2006) . The incidence of DA patency has been estimated to be one in 500 in term newborns and accounts for the majority of all cases of congenital heart diseases in preterm newborns (Mitchell et al., 1971) . In preterm babies with birth weights <1,500 g, the incidence of a patent DA exceeds 30% (Van Overmeire et al., 2004) . In addition, the presence of a patent DA is more serious in premature infants than in full-term infants since premature infants with a patent DA are more likely to develop problems such as intraventricular hemorrhage, necrotizing enterocolitis, bronchopulmonary dysplasia and congestive heart failure. Therefore, it is important to understand the precise mechanisms of regulation of the DA.
Closure of the human DA is believed to occur in two phases: (1) functional closure of the lumen within the first hours after birth by smooth muscle constriction, and (2) anatomic occlusion of the lumen over the next several days due to extensive neointimal thickening and loss of smooth muscle cells from the inner muscle media (Smith, 1998; Clyman, 2006; Yokoyama et al., 2006b) . Although its process is similar in mammalian DA, the time course of two phases is variable among species. There are several events that promote the DA constriction immediately after birth: (a) an increase in arterial oxygen tension, (b) a dramatic decline in circulating prostaglandinE2 (PGE2) because of metabolism in the now functioning lungs and elimination of the placental source, (c) a decrease in blood pressure within the DA lumen, and (d) a decrease in the number of PGE2 receptors in the DA wall (Smith, 1998; Clyman, 2006) .
The DA later undergoes permanent closure through structural remodeling and fibrosis. The resulting fibrous band with no lumen persists as the ligamentum arteriosum (Fay and Cooke, 1972) . Anatomical closure of the DA is associated with the formation of intimal thickening, which are characterized by (a) an area of subendothelial deposition of extracellular matrix, (b) the disassembly of the internal elastic lamina and loss of elastic fiber in the medial layer, and (c) migration into the subendothelial space of undifferentiated medial smooth muscle cells (Smith, 1998) . Some of these changes begin about halfway through gestation and some occur after functional closure of the DA in the neonate (Slomp et al., 1997; Yokoyama et al., 2006b ). This cascade of events is thought to orchestrate the subsequent luminal DA reorganization, leading finally to complete obliteration of the DA. In this report, we review the current state of knowledge of the mechanisms of regulating vascular tone and remodeling of the DA.
Functional closure of the DA

1-1. Oxygen-induced contraction
During the fetal life, the DA is exposed to an oxygen tension that has been estimated as between 18 to 28 mmHg (Heymann and Rudolph, 1975) . After birth, the DA is exposed to arterial blood and arterial oxygen tension rises rapidly after delivery. Rising oxygen tension significantly contracts the DA (Smith, 1998) . With the exception of the pulmonary artery, most vascular smooth muscles relax in a low oxygen environment and contract in response to increasing oxygen tension. However, the response of the DA to oxygen is much greater in magnitude, although qualitatively similar to other vessels (Heymann and Rudolph, 1975; Smith and McGrath, 1988) .
Several mechanisms have been proposed to explain the contractile effect of raising oxygen tension in the DA. The increase in oxygen tension inhibits ductal smooth muscle voltagedependent potassium channels (Michelakis et al., 2000; Reeve et al., 2001) , such as Kv1.5 and Kv2.1, which results in membrane depolarization, an influx of calcium and DA constriction (Nakanishi et al., 1993; Leonhardt et al., 2003) . The inhibition of potassium channels is associated with production of diffusible redox mediator (H2O2) by a mitochondrial O2-sensor, electron transport chain complexes I or III in the DA (Archer et al., 2004) . It has been reported that ATP-sensitive potassium channel was inhibited by the raising oxygen tension, resulting in membrane depolarization (Nakanishi et al., 1993) . In addition to involvement of potassium channels, recent study reported that depolarization-independent DA contraction is caused by release of calcium from the IP3-sensitive store in the sarcoplasmic reticulum. Subsequent calcium entry through store-operated channels increases an influx of calcium and DA constriction (Hong et al., 2006) . Schematic illustration of the functional closure of the DA is shown in Figure 1 . Calcium entry trough L-type voltage-dependent calcium channels is involved in oxygeninduced DA contraction (Tristani-Firouzi et al., 1996) . Our previous study demonstrated that among L-type calcium channels, Cav1.2 was predominant isoform and expression level of Cav1.2 was higher in the rat DA than in the aorta (Yokoyama et al., 2006a) . Calcium influx through Ttype voltage-dependent calcium channels, especially Cav3.1, also promoted oxygenation-induced DA constriction (Nakanishi et al., 1993; Akaike et al., 2009) .
Coceani et al. reported that cytochrome P450 was the oxygen sensor and its activation promoted DA contraction through production of endothelin-1 (ET-1) from endothelium and smooth muscle of the DA (Coceani and Kelsey, 1991; Coceani et al., 1992) . They demonstrated stimulation of endothelin A receptor (ETA) is associated with oxygen-induced DA contraction using mice with genetic disruption of ETA (Coceani et al., 1999) . However, the DA was normally closed after birth in ETA knockout mice. Consequently, ET-1-ETA signaling plays a role in oxygen-induced contraction, but not in anatomical closure in the DA.
Vitamin A and/or retinoic acid signaling is a candidate for the activator of oxygen sensitivity, because the retinoic acid response element is strongly expressed in the mouse DA (Colbert et al., 1996) , and maternally administrated vitamin A accelerated development of the oxygen-sensing mechanism of the rat DA (Wu et al., 2001) . Our study demonstrated that maternally administrated vitamin A increased the expression levels of Cav1.2 and Cav3.1 in the rat DA (Yokoyama et al., 2006a) .
1-2. Rapid withdrawal of the vasodilator effect of PGE2
PGE2 is produced in the placenta (Smith, 1998) and the DA (Clyman et al., 1978; Coceani et al., 1978) and contributes to the DA patency in utero. Stimulation of PGE2 receptors activates adenylyl cyclases (Bouayad et al., 2001) . The increased intracellular concentrations of cyclic AMP (cAMP) inhibit myosin light chain kinase, resulting in the DA relaxation (Smith, 1998) . The dilator effect of PGE2 on the rabbit DA was mediated by the PGE2 receptor, EP4 (Smith and McGrath, 1994) . After birth, the high fetal circulating concentrations of PGE2 dramatically decline because the placenta is removed and the lung promotes catabolism of PGE2 (Smith, 1998) . Further, the expressions of PGE2 receptors were decreased in the DA wall (Smith, 1998; Clyman, 2006) . Both isoforms of the enzyme responsible for synthesizing PGE2, cyclooxygenase (COX)-1 and COX-2, are expressed in the fetal DA (Takahashi et al., 2000) . Since COX-2 expression in the fetal DA significantly increased with advancing gestational age (Trivedi et al., 2006) , COX-2 inhibitor-induced DA contraction is weaker in preterm rats on the 19 th day of gestation than in near-term on the 21 st day (Toyoshima et al., 2006) . A COX inhibitor is widely used for the patent DA, however, this may not be a better therapy for premature infants with patent DA. 
1-3. Other factors mediating contraction of the DA
It has been reported that nitric oxide (NO) plays a role in vasodilation of the DA. NO is synthesized by endothelial nitric oxide synthase (eNOS) in the luminal endothelium and the vasavasorum endothelium and induces relaxation of the DA through cyclic GMP (cGMP) signaling (Clyman, 2006) . The relative importance of the cAMP and cGMP has been studied. Adenylyl cyclase stimulator, forskolin completely reversed the combined contractile effects of elevated oxygen tension, norepinephrin and COX inhibitor, whereas inhibition of cGMP signaling by sodium nitroprusside caused 4% of the effect of forskolin (Smith and McGrath, 1993) . This implies that cAMP signaling is more important than cGMP signaling in near-term DA. On the other hand, in premature DA, the combined use of an NO synthase-inhibitor and COX inhibitor produces a much greater degree of the DA contraction than COX inhibitor alone (Seidner et al., 2001) .
Anatomical closure of the DA
2-1. Histological change during perinatal period
After birth, there is extensive remodeling of the DA wall, which leads to permanent closure of the DA. Intimal thickening, a characteristic developmental remodeling process in the DA, is required for postnatal DA closure (Rabinovitch, 1996; Mason et al., 1999; Yokoyama et al., 2006b) . Intimal thickening starts with lifting of the endothelial cells (Gittenberger-de Groot et al., 1985) and accumulations of hyaluronan in the subendothelial region, creating a space that is suitable for migration of smooth muscle cells through the fragmented elastic lamina into the subentothelial region (De Reeder et al., 1988) . Figure 2 shows histological change of the rat DA. Intimal thickening is developed in mature rat DA on the 21 st day of gestation, while it is lacked in immature DA on the19 th day of gestation. Since intimal thickening is poorly developed in human patent DA patients and animal models of patent DA (Gittenberger-de Groot et al., 1980; Gittenberger-de Groot et al., 1985; Tada et al., 1985) , this process plays an important role in permanent closure of the DA after birth.
2-2. Molecular mechanisms of regulating intimal thickening
PGE2 plays a primary role in maintaining the patency of DA, however, previous studies have demonstrated that genetic disruption of the PGE receptor EP4 paradoxically results in fatal patent DA in mice (Nguyen et al., 1997; Segi et al., 1998) . In addition, double mutant mice in which COX-1 and COX-2 are disrupted also exhibit patent DA (Loftin et al., 2001) . We found that intimal thickening was completely absent in the DA from EP4-disrupted neonatal mice (Yokoyama et al., 2006b ). Moreover, a marked reduction in hyaluronan production was found in EP4-disrupted DA, whereas a thick layer of hyaluronan deposit was present in wile-type DA. PGE2-EP4-cAMP-protein kinase A (PKA) signaling up-regulates hyaluronan synthase type 2 mRNA, which increases hyaluronan production in the DA. Accumulation of hyaluronan then promotes smooth muscle cell migration into the subendothelial layer to form intimal thickening (Yokoyama et al., 2006b) . Signals through PGE2-EP4 have two essential roles in DA development, namely, vascular dilation and intimal thickening.
A new target of cAMP, i.e., an exchange protein activated by cAMP, has recently been discovered; it is called Epac (de Rooij et al., 1998) . Epac has been known to exhibit a distinct cAMP signaling pathway that is independent of PKA (Bos, 2003) . Our previous study demonstrated that Epac, which is up-regulated during the perinatal period, had an acute promoting effect on smooth muscle cell migration without hyaluronan production and thus intimal thickening in the DA (Yokoyama et al., 2008) . Therefore, both EP4-cAMP downstream targets, Epac and PKA, induced intimal thickening in the DA (Fig. 3) .
T-type voltage-dependent calcium channels, especially Cav3.1, promoted oxygenationinduced DA constriction (Akaike et al., 2009) . Our study revealed that Cav3.1 was significantly up-regulated in oxygenated rat DA tissue and in the region of intimal thickening of DA and that Cav1.3 promoted smooth muscle cell migration. These results indicate that Cav1.3 promotes oxygenation-induced DA closure through smooth muscle cell migration and vasoconstriction in rats (Akaike et al., 2009) . We also found that a novel spliced variant of the alpha1C-subunit was highly expressed in the neointima cushion of the DA (Yokoyama et al., 2006a) , although a role of the novel isoform is needed to be studied. 
2-3. Extracellular matrix in the DA
Vascular cells are defined by the ways in which they regulate their extracellular matrix, and changes in the extracellular matrix, in turn, determine vascular cell phenotype, i.e., the ability to differentiate, proliferate, and migrate (Rabinovitch, 1996) . It has been reported that DA smooth muscle cells produce two-fold more fibronectin than aortic smooth muscle cells (Rabinovitch, 1996) . Mason et al. have demonstrated that preventing fibronectin-dependent intimal thickening would be a feasible manipulation to cause patent DA as a mode of treatment of congenital heart diseases (Mason et al., 1999) . Our previous study also demonstrated that maternally administrated viamin A increased fibronectin production and intimal thickening in the rat DA (Yokoyama et al., 2007) . Transforming growth factor beta and NO induce extracellular matrix including hyaluronan and fibronectin in DA smooth muscle cell (Rabinovitch, 1996) .
Versican, an hyaluronan binding proteoglycan, plays an important role in proliferation and migration of vascular smooth muscle cells (Evanko et al., 1999) . Tanacin, a hexameric glycoprotein, also has been known to regulate vascular smooth muscle cell proliferation (Cowan et al., 2000) . Therefore, fibronectin and hyaluronan may not be the sole constituents of extracellular matrix in DA intimal thickening.
Closing remarks
The ductal closure occurs in two phases. During first few hours after birth in term newborns, there is acute and functional closure as a result of smooth muscle contraction of the DA, which is triggered by an increase in oxygen tension and a decline in levels of circulating PGE2. Importantly, prior to this, anatomical luminal narrowing develops through intimal thickening that occludes the vascular lumen and results in permanent closure after birth. Both PGE2-EP4-cAMP downstream targets, Epac and PKA, induce intimal thickening in the DA. Chronic activation of EP4 induces hyaluronan-mediated smooth muscle cell migration via PKA, resulting in intimal thickening. Epac has an acute promoting effect on smooth muscle cell migration without hyaluronan production and thus intimal thickening in the DA.
